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PREFACE
Development of new engineering equipment is more often
then not impeded by lack of suitable material with physical
properties capable of fulfilling the rigid requirements im- .
posed by the new advanced designs. The construction of pow-
er equipment, in particular, would benefit greatly if new al-
loys were made available that would allow the use of higher
temperatures and yet retain their strength and creep resist-
ance under high stresses.
This challenge has not gone unheeded for great strides
have been made in recent years in developing heat and creep
resisting alloys, but ma,inly by the tedious process of "trial
and error". A knowledge of the basic facts underlying the
phenomena of creep would offer a means by which a more posi-
tive and direct approach could be made.
The fundamental study of creep phenomena has been pur-
sued by increasing numbers of investigators and many theories
have been offered to explain the mechanisms by which creep
occurs. However, these theories, on the whole, were shown
to be valid over narrow ranges of test variables. Their ana-
lysis is based on the assumption that creep is a thermal acti-
vation process in which one mechanism plays a predominant
role. The expressions developed are found to be valid only
in the high temperature region and under constant stress or
load conditions. One of the most recent and successful
ii

theories was proposed by Dorn and co-workers at the University
of California in Berkeley, California, but is again limited to
the high temperature regions.
An investigation of the creep phenomena over a greater
range of temperatures extending into the "low temperature" re-
gions might uncover new creep mechanisms which play an impor-
tant role in the overall picture but have been overlooked in
favor of those showing the predominating influence at high
temperatures.
This investigation initiated ruch a program of study. E-
quipment and technique were developed to study the creep behav-
ior of metals at low temperatures. Specifically, a study of
the behavior of magnesium at low temperatures was started. It
is believed that only by a study of the creep mechanisms when
they exert a noticeable influence can each be isolated, and then
finally their behaviors integrated into an overall explanation
of the creep phenomena in metals, which would greatly clarify
the many questions, as yet unanswered, in high temperature creep
The writer wishes to express his thanks to Assistant Profes-
sor A. Goldberg of the U. S. Naval Postgraduate School for his
encouragement and assistance in the preparation of this paper;
and to the other members of the Department of Metallurgy and
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Interest in the behavior of metals and alloys under high
stress and widely varying temperatures has increased at least
as rapidly as our modern technology. This stimulation of in-
terest is in part, the natural outgrowth of the desire to keep
step with the latest design requirements where alloys of high
strength to weight ratio capable of withstanding plastic defor-
mation under stress are sought. Short of a complete understand-
ing of the phenomenon of time-dependent deformation, known as
creep, it would be desireable to experimentally test metals in
short time tests and be able to predict their behavior over a
designed life time.
Many investigators hav^i noted the similarity between certain
creep phenomena and a chemical reaction where matter rearranges
by surmounting potential barriers. Eyring, in his study of vis-
cosity, plasticity, and diffusion of liquids, proposed a general
reaction-rate equation which accounted for the activation energy
required to maintain a reaction at a given rate ^^»2»3;^
N= ^ e = Ae ^^^
h
Since creep is a rate process and temperature dependent,
the rate equation (1) has been the basis for many of the exist-
ing creep theories having been modified by various investigators

to fit experimental data. Even in their modified forms, these
equation were found to be valid over narrow ranges of test con-
ditions.
Kauzmann^ ' applied the reaction-rate theory to the plas-
tic flow of metals which in a simplified form^^' is:
_AH/ SO
£ = ATe ^ ^' e (2)
The equation was proposed by Kauzmann principally for the anal-
ysis of secondary creep rates with implications that A and AH
would have the same values for all strain and temperature condi-
tions in the secondary- creep range.
Andrade suggested that following an initial strain, two in-
dependent processes of metal flow existed, that of transient and
quasi-viscous flow^"^. The Becker-Orowan and Mott-Nabarro
theories for transient creep suggest that the activation energy
should increase with strain'^'. The Kauzmann-Seitz thermal ac-
tivation theories, on the other hand, suggest that the activation
energy should decrease with increasing values of applied stress^^^.
Zener and Holloman related the flow stress of metals to the
temperature and strain rate when at the same state by the equa-
tion (3,8).
a = (J(£e ^T) (3)
with the further implications that A H, the activation energy,

is indeptndent of the state of the material.
Extensive studies have been made recently at the Univer-
sity of California Institute of Engineering Research, Berkeley,
California by Dorn and co-workers'^' »®'"»^^' on creep of alu-
minum and its alloys and have met with considerable success in
correlating their proposed theory with actual experimental data
for high temperature creep. Dorn and Sherby' '' noted that the
state of the material for a given stress was dependent only on
the creep strain. This implied that the time axis of the strain-
time curves could be modified so that curves at different temper-
atures would superimpose on one another.
Expression (3) may be written as:
AH/
£= e" '^^^- f(o-) (4)





Thus by running two tests at two different temperatures under
identical stress, the time to reach the same strain would be
given by:
*Sherby, Orr and Dorn^ ' show that equations (4) and (5) can
also be used to correlate constant load creep and tensile data
I
where subscripts "1" and "2" refer to the two different temper-
atures. From this we can solve for AH, the activation energy.
Dorn and co-workers^ * * ' showed that for aluminum at high
temperatures, AH was essentially constant and was independent
of stress. A further observation was that the activation energy
for high temperature creep was essentially the same as that for
self-diffusion. The validity of these findings was substantiated
after analyzing much of the available data in the field with simi-
lar conclusions. Further proof of this was shown when Sherby'^^'
used Roberts^ ' experimental data on creep of magnesium-cerium
alloys and obtained a constant AH at high temperatures which was
that for self-diffusion.
The fact that at high temperatures AH, the activation energy,
is essentially equal to the energy of self-diffusion suggests that
high temperature creep arises primarily from a dislocation-climb
process, other processes being negligible. Further observations
were made indicating equation (6) fails at temperatures below
those for rapid crystal recovery^ '. Reasons for this were at-
tributed to two factors^ ^»^^^:
1. Identical structures are not obtained under a given
stress at a given 9 or strain, € , for low temperatures,
2. The rate controlling process at low temperatures might
be attributed to thermal activation of dislocations over barriers,
if this is the case the apparent activation energy should be lin-
early dependent on the applied stress.
That Ah is constant in a particular temperature range does

not necessarily imply that there is only one process taking
place but rather that one process is predominant. Thus, the
success obtained from creep correlations at high temperatures
might be considered as somewhat fortuitous in that variations
of the Ah arising from the roles played by the other process-
es are of negligible magnitude. Attempts at correlating high
and low temperature creep have so far failed; thus while the
expressions developed by Dorn et al imply that the state of the
material is a function only of stress and strain in the high tem-
perature region*, they showed that for low temperature the state
of a material is also dependent upon the previous strain history.
This suggests that at low temperatures the effects of different
mechanisms are felt'^'.
Tietz and Dorn^^^) in a study of the creep behavior of cop-
per at intermediate temperatures (348^K to 469°K) show that the
creep correlations still hold in this range. Here, AH is prac-
tically constant but is lower then the energy of self-diffusion.
This suggests that creep at this temperature may be due mainly
to a different process then that for high temperature such as a
dislocation-climb process or an atom-vacancy exchange.
A better understanding of the basic creep mechanism would
most certainly increase the probability of success in the devel-
opment of new alloys and the improvement of existing ones. Fur-
ther knowledge of the creep behavior of metals at low temperature
might expose a new facet in the mechanisms of the<^ creep phenomena,
*For non-precipitating systems

The change of AH in the intermediate temperature range, the
failure of the creep laws and the dependence on history at low
temperatures must undoubtably be the result of other mechanisms
playing an important part here in the deformation process. This
suggests that the nature of the mechanisms which play a minor
role at high temperatures might be brought out by low tempera-
ture studies.
This investigation initiates such a program of study. This
thesis constitutes the preliminary work involving the design of
equipment and the development of a testing technique. An initial
study was made to determine the effect of stress, strain and tem-
perature on A H of magnesium in the termperature range between
ambient temperature and -78°,
Equipment and techniques for the study of the behavior of
metals at low temperature were developed. The activation ener-
gies for creep of magnesium at low temperatures and their vari-
ation with temperature, strain and stress were determined. The
activation energies were obtained by the simple technique of
rapidly varying temperature ( AT = 10° to 20OC) throughout a
constant load creep test. At a given state and stress the fol-
lowing equation could be used to determine activation energies:
AH/ AHy
The subscripts refer to the states immediately preceding and

immediately after a temperature change,
Z\H was found to vary with temperature but was essential-
ly independent of stress or strain. AH was found to be about
16,600 +. 500 cal/mole at ambient temperature and decreased to
about 9,000 + 500 cal/mole at -78°C.
Determination of AH at these low temperatures by high
temperature technique, namely by comparison of two identical
load-creep curves at different temperatures, indicates that the
structure is not only strain dependent but also temperature de-
pendent. The high temperature creep correlations are based on
the assumption that AH is constant and that structure is de-
pendent only on the strain and load. Both of these factors were
found to be untrue at low temperatures and this accounts, at






Sherby and Dorn' *^*^^^ demonstrated that the creep strain,







holding 0" constant and differentiating with respect to time we
obtain:
AH/ .X
ee ''"''= 4^ (e.CT) do)
o 9
but, for a given 8 (given state), according to equation (8),
ee .,
RT
. f fCT) (11)
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All external controllable variables during an isothermal
creep test are kept constant, therefore the change in creep
rate, is directly dependent upon the changes in the internal
state of the metal accompanying the creep process. Success in
the application of equation (6) is due to the attainment of i-
dentical states at a constant stress and a particular value of
e.
Therefore, if the states at two temperatures are identical
and the stress is constant, equation (11) can be written as:
£,e^^f^T, = i^e ^^\ (12)
where the subscripts "1" and "2" refer to the two test temper-
atures. The activation energy for creep can now be determined
by the following simple technique which was first used by Tietz
and Dorn^^^).
A specimen is extended at constant load at a temperature,
T;i, to a strain, £ , At this point the temperature is changed
rapidly to 1^* T^® strain rates 6i, and 62 ^^ ^^^ ^"^^ tem-
peratures T^ and T2 extrapolated to 6 may then be considered as
being characteristic for the same state of the material, namely
that developed at £ , at these respective temperatures. A true
activation energy for creep at the given stress can now be ob-
tained from equation (12).
This technique is based on the assumption that creep occurs
by means of some thermal activation process, thus being valid

for any creep mechanism that depends on thermal activation. If
the activation energy is in fact constant within the tempera-
ture range of variation T^ to I2* ^ true AH will be obtained;
if not, this value will fall between the true values for AH at
Tj^ and T2. An approach to the AH may then be obtained by us-
ing small temperature intervals.
Equation (12) can now be written as:
aH = R(ln.%)(^) (13)
This technique is simple and practically assures a con-
stant state with elimination of all know variables except tem-
perature. Fig. 1 illustrates the principle schematically. Since
only one sample is used to make several determinations of AH,
variations due to the effects of sampling scatter are circumvent-
ed. However, the accuracy of the results are directly dependent
on the accuracy of the temperature determination and the graphi-
cal determination of strain rates.
EXPERIMENTAL EQUIPMENT
The test equipment that was designed and built for this low
temperature investigation is illustrated in Fig. 2 in which the
components are identified.
A constant load-lever type creep testing machine was used.
The lever arm was counter-balanced (with pulling tab and exten-
someter above the specimen in test position) by means of a lead






























































FIG.2 CREEP TESTING MACHINE
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line with the supporting knife edges.
Although the stress varied with the decreasing cross sec-
tion of the specimen, each test was started with the lever arm
in the same position as determined by the location of the lever
arm stop. The exact lever arm ratio was determined by placing
a Baldwin load cell in series with the pulling tab and checking
the readings against calibrated weights used as the load. This
ratio was 10,000 to 1 for any particular angle of the lever arm
within its limiting positions. All points of suspension and
balance were 60° - hardened knife edges to reduce any contact
friction to a negligible value. Adjustment of initial lever an-
gle was made with the turnbuckle which was in series with the
pulling tab.
The specimen cage and extensometer, as shown in Fig. 3 and
4, were made of stainless steel so as to minimize thermal con-
ductivity and yet retain strength and corrosion resistance, A
lucite spacer thermally isolated the specimen cage from its sup-
porting bracket by preventing metal to metal contact, Cork slab
insulation was used to insulate the underside of the bracket while
a shaped cork and felt pad sealed the opening around the exten-
someter. The lower specimen hook has a flexible pinned connec-
tion to the cage and is so designed as to allow removal and re-
placement of a specimen without removing the bath. Special baths
were used in order to maintain necessary accuracy in the test tem-










FIG. 3 SPECIMEN AND EXTENSO-














FIG.4 DETAILS OF SPECIMEN CAGE
15

attack* especially under a stress, chemically neutral baths,
which retained low viscosities at low temperatures^ "^"^^ were
used. A copper container was used to separate the bath from
the frozen solutions as shown in Fig. 5.
The annular opening between the Dewar flask and the copper
container was sealed and insulated by shaped cork. In the test
position, the cork-slab facing and shaped cork were made to mate
by sliding the bath-supporting platform upward into position which
was then secured with a tapered pin. The baths used were pure
mineral oil at 0°C to ambient temperature, special low viscosity
silicone oil from QOC to -55°C and Acetone from -55°C to -78®C.
Frozen solutions of eutectic composition were used to main-
tain constant temperatures^ . A table of these appears in Ap-
pendix III. In each case the solutions were first chilled in a
deep freeze. These were then frozen by adding solid carbon di-
oxide or liquid nitrogen. The solid solution was crushed and
packed into the annular space between the copper container and
the Dewar flask as shown in Fig. 5. The pack was sub-cooled by
placing solid carbon dioxide or liquid nitrogen in the copper
container. When the temperature was reduced sufficiently, the
bath liquid was poured into the copper cup and allowed to stand
until the arrest or eutectic temperature was attained. The spec-
imen cage and extensometer were precooled prior to the start of
mm
a test by a separate bath; the test was started when the equilib-
rium temperature was reached. Temperature changes were made when














FIG. 5 COLD TEMPERATURE BATHS
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a desired extension was reached or if the temperature varied
from its equilibrium temperature by more than +0,A^C, Tem-
peratures were taken by calibrated copper-constantan thermo-
couples which were in contact with the specimen within its
gage length, " .
Creep strain rates were evaluated at the steady-state tem-
peratures and extrapolated through the transient temperature
range to the instant the temperature was changed as shown in
the example illustrated in Appendix I. The time to reach a
steady state was deterrhined by obtaining time-temperature curves
as shown in Fig. 6. From these curves and the experimental data,
it was determined that the most reliable initial slope was that
from three to five minutes after the temperature change.
Strain measurements were made by a mechanical extensometer
as shown in Figs. 3, 4 and 7, The extensometer is of the con-
centric tube and rod type which actuated a 0.001 in. dial indi-
cator. A calibration of the extensometer was made against an
SR-4 strain gage, one of which was attached to each side of the
specimen to check accuracy and the possibility of bending. Di-
rect linearity within ir 0.0001 was exhibited and the reading
sensitivity was judged to be 0.0002 in. A total elongation of
one inch could be read before adjustment of the pulling tab
length was required.
The two inch gage length was maintained while attaching the
specimen to the extensometer by means of a spacer which was fit-
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FIG. 7 DETAILS OF EXTENSOMETER
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block with a 0,015 in. long protruding point held the specimen
in its fixed position against a cap which was secured to the
specimen blocks by two spring loaded screws.
TEST MATERIAL
Pure Magnesium (99.95^) extruded into (0.70x0.096x36 in.)
bars furnished by the Dow Chemical Co. were used as the test
material. The impurities are given in Table I.
Table I CHEMICAL ANALYSIS
Flemer\t, % Flement %
Aluminum 0.012 Nickel 0.001
Calcium <; 0.01 Lead 0,005
Copper < 0.001 Silicon 0.022
Iron <^ 0.001 Tin <:0.01
Manganese <: 0.001 Zinc 0.052
Tensile creep specimens were machined from the 0,096 in. bars
with their axes parallel to the extruding direction. Detailed
dimensions are shown in Fig. 8. The central two inches of the
specimen was the gage length.
Miscroscopic examination showed that the material as re-
ceived was in the cold-worked state, with profuse twinning, the
result of the extrusion process and machining. The average
21

grain diameter, which was obtained by averaging a number of
linear count's across a section perpindicular to the tensile
axis, was 0.0353 mm. The stresses were removed by annealing
at a temperature of 300^C for one hour. Temperatures high e-
nough to remove the twinning were not used since this resulted








ANALYSIS OF EXPERIMENTAL RESULTS
EXPERIMENTAL RESVLTS
Creep rates, which were determined from the slopes of the
original creep curves are illustrated in Fig. 1, and heats of
activation, determined by equation (13), are listed in detail
in Table 2 of Appendix II. Average values of AH for a partic-
ular initial stress and temperature variation (Ti to T2) are
plotted in Fig. 9.
As a means of comparison, isothermal creep curves were ob-
«
tained from tests at each of the temperatures used in the rapid
variation of temperature technique at a constant initial stress
of 25,000 psi. These curves appear in Appendix IV. A detailed
list of creep rates and activation energies as determined from
two curves at a given strain and the same load (which at high
temperatures results in identical structures) are tabulated in
Table 3 of Appendix II.
The data obtained from the temperature-variation technique
show that Z\H for magnesium varies with temperature (almost
linearly) from an average value of 16,600 + 500 cal/mole at a
mean temperature of 11.5^C to about 9000 + 500 cal/mole at a
mean temperature of -66.5^C. These values were essentially in-
dependent of stress from 18,000 psi to 27,000 psi and independ-
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Values of AH as obtained by both the isothermal creep
curve and the temperature variation techniques were of the same
magnitude. However, the values obtained by the former tech-
nique show considerable scatter.
DISCUSSION
The results obtained show that AH at low temperatures is
temperature dependent, but independent of stress and strain, A
constant AH is the correlation at high temperatures. Failure
to obtain a satisfactory correlation between high and low tem-
perature creep may be attributed, at least in part, to the vari-
ation of AH at low temperatures. The observation that AH
is independent of stress and strain at low as well as high tem-
peratures further justifies discarding the Becker-Orowan or Kauz-
mann-Seitz creep theories.
In the high temperature studies, the decreasing creep rates
obtained during the course of isothermal creep at constant load
were ascribed to structural changes; furthermore these changes
were dependent only on stress and strain (independent of temper-
ature). The creep rates obtained from the isothermal-constant
load creep curves in this investigation showed a definite pro-
portionality between adjacent curves at any given total strain
(e.g. At T and T - 11°) which resulted in essentially a constant
AH. Comparison of creep rates between any curves (say T and
T + 22° or T +' 11° and T + 22°) would again result in a reason-
ably constant AH, The values of activation energy for creep
obtained at any one given total strain by an averaging process
26

did not coincide with the values obtained at the average tem-
perature by the isothermal-constant load creep curve technique,
(e.g. The average AH between T and T + 33° did not coincide
with the Ah computed between T -• 11° and T + 22°). Further-
more, these values did not agree with the activation energies
as obtained by the more exact temperature variation technique.
If we accept the validity of the results obtained by the
rapid variation of temperature technique, and it appears rea-
sonable to do so, then we must necessarily conclude that the
values of AH obtained by the other technique are incorrect.
The failure would appear to be in the assumption of the
structure being dependent only on strain and stress (valid at
high temperatures). The constancy of AH obtained at a series
of strains along a set of curves is probably due to a paral-
lelism in the structural changes occuring at the two tempera-
tures, the state of the metal at a given strain being dissimi-
lar for different low temperatures. This substantiates the
findings of Dorn, Goldberg and Tietz^^' that the mechanical e-
quation of state is not valid at low temperatures. Here the
plastic properties were found to depend upon the strain history
of the metal (another factor in the failure in correlation be-
tween high and low temperature creep).'
In the determination of activation energies for creep by
the rapid variation of temperature technique, constant structure
at two differing temperatures is assured by extrapolation of the
strain rates back to the value of total strain at which the tem-
27

perature change was made. Therefore the variation in the
activation energies obtained can be attributed to tempera-
ture changes alone since independence of strain and stress
was also demonstrated.
1. Activation energie for creep of magnesium at low tempera-
tures varies linearly with the temperature, implying that at
least two processes take part in the creep mechanism whose
relative importance depends on temperature.
2. Activation energies for creep appear to be independent of
stress and strain for both low and high temperatures,
3. The failure to satisfactorily correlate high and low tem-
perature creep is, at least in part, due to the two assumptions
made for high temperature creep which fail at low temperature,
namely:
a. Constant AH




EXPERIMENTAL ERRORS AND RBGQMMFNDATTONS
Since the degree of accuracy attained in this investiga-
tion was directly dependent on the ability to measure temper-
ature closely and to obtain representative slopes from creep
curves, the greatest improvement in experimental technique
might be achieved through improved instrumentation. Tempera-
ture readings, particularly during the transient stage after
a temperature change, could be better obtained by using a po-
tentiometer accurate to 0.001 millivolt whose signal could be
amplified and^automatically plotted versus time by a Brush re-
corder. The time to reach a steady state temperature would be
more accurately determined and a more representative initial
slope after a temperature change would be obtained.
For example, an error due to a temperature rise of 0.4®C
was accepted in this investigation. A 10.6^K change in tem-
perature instead of an 11°K change from 273°K to 262°K would
result in an error of 3.8% in the final computation of AH.
Because of the low creep rates for magnesium at low tem-
peratures, the extensometer dial indicator used lacked the re-
quired accuracy. Figures in the fourth decimal place had to
be considered as significant yet admittedly were dependent on
a reading sensitivity of .0002". A dial indicator accurate
to 0.0001" per 0.1" division with a reading sensitivity of
0.00002" should be used.
For these preliminary investigations a more ductile ma-
terial at low temperatures (such as copper) could be used
29

which would permit greater creep rates without the likelihood
of early failure. These rates could then be read more accurate-
ly from the creep curves. Temperature variation resulting in
large creep rate ratios minimize the effect of experimental er-
rors in reading slopes since in the computations, the natural
log of the ratio is used.
Use of the same bath liquid throughout a range of tempera-
tures is advisable. It is of primary importance that the bath
liquid be chemically inert toward the specimen material but if
there are any unknown surface effects, use of the same bath will
produce like effects during each test resulting in better re-
producability. It was found that acetone was the best liquid
used since it was inert toward magnesium, retained low viscosity
throughout the temperature range of the investigation and reach-
ed a steady state temperature rapidly.
The use of a metal which becomes brittle at low tempera-
tures increases the problems resulting from notch sensitivity
or the sensitivity to surface effects. Examination of the spec-
imens in an optical comparator showed surface and machining de-
fects which could have adverse effects on the results. Extreme
care in final preparation of the surface is recommended for
specimens used in the future, however, for these preliminary
investigations, use of a more ductile material at low tempera-
tures would be more practical. Larger values of creep rate would
be had and surface effects would be lessened.
It was found that the use of subliming or bailing material
30

as the coolant for the low temperature baths was more satis-
factory from the point of maintaining a constant temperature
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AH BY VARIATION OF TEMPERATURE TECHNIQUE
Refer to Fig. 10, which illustrates the method of obtain-
ing representative steady state creep rates from a constant
load-creep curve just prior to and just after a temperature
change. 6| , the creep rate, is expressed throughout this report
in inches per minute per two inch gage length since in the com-
putation of AH the dimensionless ratio of strain rates is
used.
At t = 90 min. and extensometer gage reading = 0.0571"
the temperature was rapidly changed from T^ = 273°K to T^ =
295. 5OK.
The slope at t = 90 min. on the creep curve for T2 = 273°K
is 0.025 while the slope extrapolated back to t = 90 min., from













Solving for AH in equation (12),
^%T,.c.^%Cie /R , .g^e /RTg (12)
we get -
AH= Rdn. y-^)(^)
By substituting the experimental values -
AH=2(ln.lO)(
™f^-^) . 16.500 ^"X^,^22.5 ^ Mole
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AH BY THE ISOTHERMAL-CONSTANT LOAD CREEP CURVE TECHNIQUE
Refer to Fig. 11, which illustrates the method of obtain-
ing creep rates from two different isothermal-constant load
creep curves at a given strain.
The structure, at the states where the two creep rates
are determined, is considered the same for high temperature
creep.
If this assumption is also valid for low temperatures then
equation (13) may be used to determine AH,
T, == 273° KELVIN
T2=262° KELVIN
6 = 0.95X10"^ Jnches
' Minute -2"Gage Length
62=0.38X10-^ '""^"'
Minute - 2" Gage Length
^^ Mole-°K
AH = Rdn. W. )(-=^)




.u on oc,^/ 273X262 >,, Qnn C°'/
C^H = 2(ln.2.5)( )= 11,900 /Mole (13)
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AH BY THE INSTANTANEOUS TEMPERATURE VARIATION TECHNIQUE
STRESS TEMPERATIBE STRAIN RATE PER
2 in. GAGE LENGTH
P.S.I. 'KELVIN PER MINUTE
a T, \ ^1 ^2
18 750 295 273 0.72 0.08
295. 5 273 0.250 0.0250
296 273 0.250 0.0250
296 273 0.250 0.0250
296 273 0.250 0,0250
296 273 0.20 0.020
296 273 0.14 0.0140
295. 5 273 0,14 0.0140
20 850 296 273 1.56 0.144
296 273 0.86 0.084
295 273 0.66 0.070
296 273 0,55 0.050
296 273 0,42 0.040
296 273 0,37 0.035
296 273 0.32 0,031
22 900 295 273 1.98 0,20
295 273 1.25 0.13
295 273 1.1 0.11
25 000 294. 5 273 22,2 2,2
294. 5 273 9.9 1.1
294, 5 273 8.3 0.83
20 850 273 263 0.42 0.15
273 264. 5 0.14 0.06
273 264. 7 0,07 0.03
273 265 0.058 0.025
273 265 0.035 0.015
22 900 273 253 0.70 0,26
273 ^oZ. 5 0.3^ C,l^
273 263. 5 0,^:65 0.10
273 263. 5 0,24 0,09
273 254 0.175 0.07
25 000 273 267 0,85 0,47
273 267 0.74 0.40
273 267 0,66 0,36
273 267 0,60 0.325
22 900 246. 2 232. 7 0.90 0,16
246. 2 232. 7 0,29 0,058
246. 2 232. 7 0.25 0.05
246. 2 232. 7 0.16 0.031
246. 2 232. 7 0,16 0.031
25 000 241 233. 5 0.81 0.33
241 233. 5 0,42 0.17
241 234 0.28 0.12
241 234 0.28 0.115
25 000 228 218 0.21 0.06
228 218 0.12 0.039
228 218 0.056 0.016
228 218 0.027 0.0081
228 218 0.021 0,006
27 100 228 218 0.225 0,0715
228 218 0.135 0.040
228 218 0.125 0.036
27 100 218 195 0.30 0.03
- 218 195 0.11 0.01
218 195 0.09 0.008
25 000 218 195 0.30 0.021
218 195 0.10 0,009
218 195 0.03 0,0025
TOTAL TIME OF HEAT OF
STRAIN CAGE CHANGE ACTIVATION
RATIO READING
. INCHES MIN. CAL/WDLE
V4 £t t Ah
9 54 15 16 100
10 57.1 90 16 500
10 72.3 150 16 200
10 73,2 255 16 200
10 87.4 350 16 200
10 100 565 16 200
10 104.8 1530 16 200
10 114,9 1715 16 500
10.8 70.4 10 16 700
10.3 76 65 16 400
9c5 90 83 16 500
11 93 135 16 800
10,5 109 170 16 500
10.6 111.2 240 16 550
10.3 125.6 280 16 400
9.9 85 5 16 800
9.65 96 32 16 500
10 121 46 16 850
9.9 100 1,65 17 100
9 127 14 16 500
10 149 20,5 17 200
2,8 53.4 15 14 800
2.33 91 95 14 400
2.33 74,3 255 14 750
2.32 77.2 345 15 200
2.33 93,95 747 15 250
2.69 71.9 14 14 200
2,67 83.9 65 14 850
2.65 91 95 14 750
2.67 95,2 130 14 850
2.5 109.2 213 14 700
1.80 101.2 23 14 300
1.85 115,1 42 14 850
1.83 127,3 70 14 700
1.84 141.9 95 14 850
5.6 30 10 14 600
5 67.8 55 13 700
5 78,3 100 13 700
5,16 84.4 160 14 000
5,16 86.3 200 14 000
2,45 70 6 13 450
2.47 77,05 23 13 600
2,35 94.9 103 13 650
2.43 105,4 143 14 300
3.5 54 13 12 450
3.08 55.8 53 11 200
3,5 59.8 103 12 450
3.33 60.6 173 12 000
3.5 61.8 233 12 450
3.15 66.85 40 11 400
3.37 71 65 12 100
3.47 74,7 145 U 400
10 59 15 8 550
11 58.7 50 8 860
11.3 61,95 80 9 960
14,3 22 40 9 830
11.1 69 48 8 900
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NaCl 23.1 -22. 40
Freon 12 - -300 Boiling Point
Linseed Oil - -340 Melting Point
Freon 22 - -40.60 Boiling Point
Glycerol 67 -44.50
CaCl2 6H2O 58.8 -54.9°
i
Alcohol-C02(S) - -720 Liq - Solid Mix
Acetone-C02(S) - -780 Liq - Solid Mix
Methyl Alcohol - -94.90 Melting Point
Ethylene(C2H2) - ' -103.80 Melting Point
,
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INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE









18 750 87 352 273






• 88.4 500 273
Temperature Change

































































ItllTIAL GAGE TOTAL TEf^ER






















































































INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE
P.S.I. 10"^ in MIN. °K
C^l t T
Change Temperoture







































































INITIAL GAGE TOTAL TEMPER
STRESS READING TIME ATURE




































































































































INITIAL GAGE TOTAL TEMPER-
STRESS READING TIME ATURE
P.S.I. 10-3 in MIN. °K
(7| t T








































































INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE
P.S.I. 10'3 in MIN. °K
o; t 1


























94 74 7 273
Change Tempisrature









































22 900 84.1 66 273
TOTAL
INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE
P.S.I. 10"3 in MIN. °K
0-, t T



































































































































































































































INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE




































































































































INITIAL GAGE TOTAL TEMPER'
STRESS READING TIME ATURE
P.S.I. 10"3 in MIN. °K
o; t T
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Thesis 3076I
N2 Naczkowski
Creer) beh«?vior of magnssi'ic rt
low temperatures.

